Polar and charged amino acids (AAs) are heavily expressed in noncollagenous proteins (NCPs), and are involved in hydroxyapatite (HA) mineralization in bone. Here, we review what is known on the effect of single AAs on HA precipitation. Negatively charged AAs, such as aspartic acid, glutamic acid (Glu) and phosphoserine are largely expressed in NCPs and play a critical role in controlling HA nucleation and growth. Positively charged ones such as arginine (Arg) or lysine (Lys) are heavily involved in HA nucleation within extracellular matrix proteins such as collagen. Glu, Arg and Lys intake can also increase bone mineral density by stimulating growth hormone production. In vitro studies suggest that the role of AAs in controlling HA precipitation is affected by their mobility. While dissolved AAs are able to inhibit HA precipitation and growth by chelating Ca 2þ and PO 4 32 ions or binding to nuclei of calcium phosphate and preventing their further growth, AAs bound to surfaces can promote HA precipitation by attracting Ca 2þ and PO 4 32 ions and increasing the local supersaturation. Overall, the effect of AAs on HA precipitation is worth being investigated more, especially under conditions closer to the physiological ones, where the presence of other factors such as collagen, mineralization inhibitors, and cells heavily influences HA precipitation. A deeper understanding of the role of AAs in HA mineralization will increase our fundamental knowledge related to bone formation, and could lead to new therapies to improve bone regeneration in damaged tissues or cure pathological diseases caused by excessive mineralization in tissues such as cartilage, blood vessels and cardiac valves.
Introduction
Biomineralization is the process by which living organisms produce minerals. Biominerals have complex hierarchical structures, often coupled with exceptional properties, such as high mechanical, electrical or magnetic properties, which are achieved under the direct control of biomolecules [1] [2] [3] [4] [5] . The most well-known and maybe most complex example of biomineralization occurs during the formation of bone, an organic-inorganic hybrid material made of collagen, non-collagenous proteins (NCPs), and carbonated hydroxyapatite (CHA) (Ca 102
x (PO 4 ) 62x (CO 3 ) x (OH) 22x ) crystals [1] . Collagen fibres provide a framework known as extracellular matrix (ECM), where CHA nucleates and grows. Even though the ECM determines the ultimate structure and orientation of hydroxyapatite (HA, Ca 5 (PO 4 ) 3 OH) crystals, it does not have the capacity to initiate HA mineralization despite the fact that body fluids are supersaturated with respect to HA. HA nucleation is mainly initiated by a set of negatively charged phosphorylated NCPs associated with the ECM. These proteins attract Ca 2þ and PO 4 32 ions through their charged amino acid (AA) domains and increase the local supersaturation to a level sufficient to form nuclei of a critical size, which can develop into HA crystals [1, 2] . Another set of NCPs have the ability to inhibit undesirable formation of HA in tissues such as cartilage and arteries, continuously exposed to body fluids. These inhibitory proteins are either associated with the ECM of tissues or found in the plasma and limit the formation of HA by binding to the surface of nascent mineral nuclei, thus restricting their further growth [3] . While striving to understand the process of biomineralization, researchers have investigated the effect of smaller biomolecules such as AAs and peptides & 2016 The Author(s) Published by the Royal Society. All rights reserved.
(short polymers of AAs) on HA mineralization. AAs are the building blocks of proteins, and negatively charged AAs such as aspartic acid (Asp), glutamic acid (Glu) and phosphoserine (PSer) are highly abundant in the acidic domain of NCP (e.g. osteopontin, bone sialoprotein, dentin matrix protein 1 and dentin phosphophoryn) involved in HA mineralization in bone and dentine. In addition, recent studies have shown both positively and negatively charged AAs are present in the hole zone of collagen, where HA nucleates intrafibrillarly [4] . The presence of these AAs in these areas seems to be crucial for interacting with both Ca 2þ and PO 4 32 ions necessary for HA precipitation [4, 5] .
In vitro studies have shown that, similar to proteins, charged AAs are able to either inhibit or induce HA mineralization [6] [7] [8] . AAs are also effective at modifying the morphology and crystalline structure of HA owing to the electrostatic and stereochemical effects of their charged residues, especially carboxylate and phosphate groups [7, [9] [10] [11] . Compared with proteins or peptides that have long molecular chains and can often fold into three-dimensional conformations [12] [13] [14] , AAs are much smaller (7 nm on average) and have short side chains; thus, a single AA cannot interact with more than one HA facet at the same time [15] , differently from what happens with proteins and peptides. However, AAs are much less expensive and more stable, which makes them cost-effective candidates for clinical applications. In vitro studies show that promoting AAs are useful for improving bone regeneration in damaged tissues [10] , whereas inhibitory AAs are potential candidates for treating pathological diseases caused by an excessive mineralization of HA in tissues such as cartilages [16] , blood vessels and cardiac valves [17] .
Despite the potential of AAs in controlling HA precipitation, the mechanism by which the AAs interact with Ca 2þ and PO 4 32 ions or with HA crystals to induce or inhibit mineralization is still controversial-several papers report contradictory results on the promoting or inhibitory effect of specific AAs [6,7,18 -22] . While there are many review papers focused on the effect of larger biomolecules such as proteins on HA biomineralization, a thorough review of current knowledge on the effect of single AAs on HA mineralization is still missing. This paper aims at filling this gap by reviewing all in vitro evidence aimed at explaining the role of single AAs, either dissolved in solution or bound to surfaces, in HA precipitation. The review also compares experimental and computational results, and briefly discusses what is known about the role of individual AAs in mineralization in vivo. In the conclusion section, we point out what is still missing to complete our understanding of the role of AAs in HA precipitation; and we mention a few examples showing how this knowledge could lead to new strategies to cure mineralization-related disorders.
In vitro studies of the effect of individual amino acids on hydroxyapatite mineralization
In vitro studies show that charged AAs have very different effects on HA crystallization if they are dissolved [6,18 -28] or bound to a surface [8] . AAs dissolved in a solution can either chelate the Ca 2þ and PO 4 32 ions in solution or cover the surface of nascent HA nuclei, thus inhibiting its further growth [6, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . On the other hand, AAs bound to surfaces are able to promote HA crystallization by attracting Ca 2þ and PO 4 32 ions, thus creating a local supersaturated environment that promotes heterogeneous nucleation of HA [8] . We first describe the effect of dissolved AAs on HA mineralization, and then move to that of AAs bound to surfaces.
Amino acids dissolved in solution
2.1.1. Effect of amino acids on hydroxyapatite nucleation and growth Tables 1 and 2 summarize the studies on HA precipitation in the presence of AAs dissolved in solution. Most of these studies focus on the effect of AAs on HA growth rather than its nucleation. In addition, these experiments are usually conducted under non-physiological conditions. As is evident from table 2, almost all AAs are able to inhibit both HA particle growth and crystal growth, irrespective of their electrical charges. However, charged AAs, such as Glu, Asp, arginine (Arg) and lysine (Lys), show a significantly stronger effect than non-charged ones [6, 7, 23] . This is related to the presence of stronger interactions between charged AAs and Ca 2þ and PO 4 32 ions, as well as with the surface of HA particles already formed in solution.
Our group investigated the effect of differently charged AAs on both HA nucleation and growth at physiological conditions. We showed that a positively charged AA, Arg, had a strong inhibitory effect on HA nucleation, whereas a negatively charged AA, Glu, was more effective in inhibiting HA crystal growth. We attributed these differences to the higher stability constant of complexes formed between Arg and Ca 2þ and PO 4 32 ions at the nucleation stage, but the stronger bonding of Glu to HA crystal faces during the growth stage. If both Glu and Arg were combined in the same solution, we noted an overall lower effect on HA nucleation, although the combination could still inhibit HA crystal growth. We related this to the strong complexes formed between Arg and Glu, which interfere with their ability to interact with the HA precursor ions [30] . In another study, we showed that if the Ca-and P-containing precursor solutions are aged in the presence of AAs, the Ca/AA and P/AA complexes initially formed in the solutions can grow into large aggregates. These aggregates can interact with each other once the precursor solutions are mixed, and regulate HA precipitation following a different pathway from that observed in the non-aged solutions, thus resulting in a slower precipitation rate [31] . In contrast with our findings relative to the inhibitory effect of charged AAs on HA nucleation, Boanini et al. [35] showed that the presence of Asp or Glu in reaction solution did not inhibit HA nucleation. This can be explained by the high concentration of Ca and P precursor solutions (table 1) in their experiment, which results in fast HA precipitation that AAs can with more difficulty inhibit. In fact, in agreement with our results, both Glu and Arg inhibited HA crystal growth, with Glu showing a stronger effect. Spanos et al. [37] showed that a non-charged AA, serine (Ser), was also able to inhibit HA crystal growth by adsorbing to HA surface and blocking the HA active growth sites. They suggested a Langmuir type of adsorption based on electrostatic attractions between negative sites on HA surface (i.e. phosphate or hydroxyl ions) and the positively charged amino group of Ser. Table 1 . Different methods used to synthesize HA in the presence of dissolved AAs. In the pH column, 'fix' means that the pH was kept constant using a buffer or acid and base titration; in the AA, Ca and P concentration columns, '(-)' means that the concentrations were not mentioned in the work cited. (2) const. comp.
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Koutsopolos and Dalas [20] rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160462 AA/HA surface interactions have been extensively studied [6,15,18 -23,38,39] . In general, AAs show an increase in adsorption to HA surfaces based on the charge of their side groups: apolar (alanine (Ala)) , positively charged (Lys) , polar (Ser) , negatively charged (Asp) [23] . Koutsopoulos & Dalas conducted a number of studies on the affinity of various AAs to HA surfaces [18 -22] . They showed that a negatively charged AA, Asp, has the highest affinity for HA (table 3) . However, Jack et al. measured a stronger affinity to HA for a positively charged AA, Lys, and attributed this to the decrease in repulsion between the net negative charges of HA surface and any negatively charged segments on the AA side chains [6] . Despite their differences, both these sets of results imply a stronger effect of charged ( positive or negative) AAs, such as Arg and Asp on inhibiting HA precipitation. Among the non-charged AAs, tyrosine (Tyr) and phenylalanine (Phe) show the largest affinity constant and strongest inhibiting effect on HA particle growth, respectively [19, 20] . This was attributed to the presence of an aromatic ring on Tyr and Phe side groups. This aromatic ring can lie on the HA surface, possibly acting as an electron donor and creating a weak bond with the HA surface. In addition to affinity constants, geometrical factors must be taken into account to determine the inhibitory effect of AAs on HA crystal growth. Adsorbed AAs can rotate freely around an axis perpendicular to the crystal surface, and thus the effective volume of adsorption can be described by a cone. For example, for Asp and Glu, the projection of the cone onto HA surface is a circle of radius 3.32 and 5.23 Å , respectively [15] , which, considering the average HA crystallite size of 40 Â 22 nm, indicates a single molecule of these AAs has low coverage ability. However, these results imply that the adsorbed Glu molecules cover a larger part of the HA crystal surface compared with Asp, and thus are more effective in inhibiting HA growth. Asp, on the other hand, has a higher affinity for the HA surface with maximum adsorption sites of 53 compared with 26 for Glu [15] . Therefore, it can be hypothesized that these two phenomena act simultaneously and result in a comparable inhibitory effect of the two acidic AAs against HA crystal growth. Overall, the maximum possible coverages calculated for different AAs were relatively low compared with the specific surface area of the HA powder. This indicated the weaker adsorption of AAs on HA surfaces as compared with proteins that can form multiple bonds through their side chains and structural conformations [15] .
In summary, AAs dissolved in solution are able to inhibit HA precipitation and growth, however to a lower extent than larger biomolecules, such as proteins and peptides. Polar AAs with negatively or positively charged groups generally show the strongest inhibitory effect on HA precipitation. Yet, the inhibitory effect of non-polar AAs is not negligible either.
The inhibitory effect of AAs on HA nucleation and growth results from a few key factors. [6, 19, 30] . This factor itself depends on a. Electrostatic interactions between AAs and HA particles. This includes both the electrostatic interaction between the net charges of AAs and HA surface as well as the interaction between specific segments of the AAs and HA particles. For example, although AAs usually interact through their COOH groups with calcium ions present on HA, a positively charged AA such as Lys shows a high affinity with the HA probably because overall it is less repelled by the negatively charged HA surface [6] . b. Possibility of forming chemical bonds between specific segments of AAs and HA surfaces. For example, among the polar AAs, Tyr shows the highest affinity to HA because it has an aromatic ring that can act as a p-electron donor and form a stronger bond with the HA surface [20] . c. Stereochemical and geometrical properties of AAs; for example, the presence of aromatic rings in Phe and Tyr increases their affinity to HA [19, 20] . 3. Surface coverage ability of AAs. This mainly depends on geometrical factors; for example, Glu can cover a larger fraction of HA surface than Asp [15] .
Effect of amino acids on hydroxyapatite phase transformation and morphology
A few studies investigate the effect of AAs on HA morphology or transformation [24, 32, 40] . Tao rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160462 a brick and mortar model where an amorphous phase, amorphous calcium phosphate (ACP), acts as mortar and cements the bricks of rod-like or plate-like HA crystals to make enamel-like or bone-like HA, respectively [40] . Matsumoto et al. [24] found flake-like particles consisting of nano-sized platelets for HA precipitation in the presence of AAs, such as Gly, Ser, Asp and Glu (figure 2). The flakelike morphology was also observed on the control sample; however, the platelets on this sample were larger and thicker than those observed in the presence of AAs. These AAs reduced the degree of the crystallinity of the HA precipitate by stabilizing ACP [24] . The flake-like HA morphology was also reported by Eiden-Abmann et al. [36] in the presence of AAs, such as Asp, Glu and Ser. Chu et al. [32] showed that the acidic AAs, Asp and Glu, can improve brushite to HA phase transformation by reducing the interfacial energy barrier between brushite (dicalcium phosphate dihydrate, DCPD) and HA (figure 3). Because HA is a basic calcium phosphate, its formation from acidic phases such as brushite is not usually favoured. Chu et al. attributed this to the higher solid/liquid interfacial energy of HA than brushite, which would make the brushite to HA transformation thermodynamically unfavourable. This was even more significant in Chu's study, because HA grew in the form of small crystallites with a high surface area, whereas the initial brushite seeds were much larger. 
Poly amino acids and peptides
To better understand the role of the AAs present in the proteins involved in HA mineralization, a number of studies have been conducted on poly-AAs and peptides with residues that are abundant in body proteins [41 -44] . Poly-Glu and poly-Asp are among the strongest inhibitors of HA growth when dissolved in solution, but they can act as HA nucleators when adsorbed on a surface Phosphorylated residues are responsible for the inhibitory effect of statherin-like pentapeptides dissolved in solution [45] . This can explain the role of statherin as an inhibitory protein in the saliva [25] . However, cross-linked poly-Glu can induce the heterogeneous nucleation of HA even when present in simulated body fluid. In general, all these studies elucidate the important role of negatively charged AAs, such as PSer, Glu and Asp, on the regulation of HA mineralization.
Amino acids bound to surfaces
Template-directed precipitation is defined as precipitation in the presence of functionalized surfaces [46 -49] . Functional groups with electrical charges are able to promote calcium phosphate precipitation [50 -54] . This is attributed to the ability of these functional groups to attract Ca 2þ and PO 4 32 ions, thus increasing the degree of local supersaturation with respect to calcium phosphate precipitation at regions close to the surfaces [50, 53] . While there have been many studies investigating the inhibitory effect of AAs dissolved in solution on HA mineralization [6, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , the effect of AAs bound to surfaces has been subject of just a few studies [8, 55, 56] . Rautaray et al. [8] investigated HA precipitation in the presence of Aspcapped gold nanoparticles (figure 4). They showed that HA precipitation was promoted in the presence of Asp owing to the interaction between COOH groups in Asp and the Ca 2þ ions. Using isothermal titration calorimetry (ITC), they showed the interaction between Ca 2þ and Asp was favoured thermodynamically. In addition to their role in mineralization, charged AAs such as Asp, Glu and Arg bound to HA surface were also shown to promote protein absorption and osteoblast proliferation [57 -59] rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160462 exhibited a stronger nucleating ability than COOH. The control titanium sample and the OH-modified sample showed less calcium phosphate deposition than the COOH-and PO 4 H 2 -modified samples [52] . While most of the results so far indicate that negatively charged functional groups are more effective than positive or neutral groups in inducing heterogeneous nucleation of HA [50, 53] , there are some studies showing different results: Zhang et al. [60] investigated HA precipitation in the presence of PO 4 , COOH and NH 2 functional groups present on Langmuir monolayers made of dipalmitoylphosphatidylcholine, arachidic acid and octadecylamine, respectively. They showed that all PO 4 , COOH and NH 2 functional groups promoted the nucleation of calcium phosphate to very similar extents [60] . However, the Ca/P ratio for the calcium phosphates formed in the presence of PO 4 was similar to that of HA (1.67), whereas COOH (1.49) and NH 2 (1.60) showed lower Ca/P ratios indicating the presence of ACP precursor. In addition, our group showed that while both Arg and Glu bound to graphene oxide (GO) surface increased HA precipitation rate, Arg was more effective than Glu, thus resulting in larger amounts of HA precipitates forming on GO surface [61] . We explained these results based on the fact that Arg can form more stable complexes with Ca 2þ and PO 4 32 ions than Glu. In addition, the presence of both carboxyl and amino groups in Arg can favour HA precipitation by electrostatically attracting both Ca 2þ and PO 4 32 ions. These results mirror recent evidence showing that indeed, positively charged AAs are involved in the intrafibrillar mineralization of collagen. Landis and Silver showed that the presence of positive AAs, such as Lys, Glu and Arg, in the vicinity of the hole zone of collagen fibrils creates a pocket that can accommodate and retain calcium and phosphate ions, thus inducing HA nucleation in these regions [4, 5] 3. In silico studies of the effect of amino acid on hydroxyapatite mineralization A molecular understanding of the interactions between AAs and HA is crucial to grasp the details of biomineralization. However, the molecular level details of biomineralization are difficult to investigate by experimental techniques exclusively. In the last few decades, sophisticated experimental techniques have been successfully coupled with computational techniques to model the mineralization of HA in the presence of AAs [11, 26, 62, 63] . Molecular dynamic (MD) simulations can investigate organic-inorganic interfaces at the atomic level; therefore, it can provide us useful information relative to the adsorption energy and adsorption sites of AAs to HA. Zhang et al. [26] used MD simulations to investigate the adsorption of the different types of AAs on the (100) face of HA. Their results indicate that the AAs occupy the vacant Ca and P sites of the growing HA (100) surfaces mainly through their amino and carboxylate groups, thus inhibiting HA growth along (100) direction. They showed that small and charged AAs, such as Gly, Glu and Asp, have a higher adsorption on HA, which was consistent with the experimental findings by Koutsapolous et al. [20, 22, 64] . Pan et al. [11] investigated the specific adsorption sites of Gly and Glu on the (100) and (001) faces of HA crystals at the atomic level using MD simulations. Consistent with the results by Zhang et al., they showed that both Gly and Glu can bind to HA (001) and (100) faces through their amino groups. These groups occupy the vacant calcium sites, whereas carboxylate groups replace the phosphate or OH sites. However, they showed the adsorption of Glu was higher on the (001) face, whereas Gly did not have a preferential adsorption on a specific face. Xu et al. [65] used MD simulations to investigate adsorption of AAs on HA faces. They showed both PSer and Glu adsorbed more on the (100) than on the (001) face. This would explain the plate-like morphology with a greater extension of the (100) faces that was also observed in experimental findings from the same group [29] . These results were consistent with the MD simulation results by Pan et al. [11] . However, Almora-Barrios et al. used ab initio density functional theory (DFT)-based calculations, which can model systems at the atomic level without use of force fields, and showed that non-charged AAs, such as Gly, proline (Pro) and hydroxyproline (Hyp) (the main constituent AAs of the collagen matrix), showed a preferential adsorption to the (100) faces of HA rather than to the (001) faces. This was due to the interaction between the AA carboxylate groups and the calcium ions on HA; Hyp showed the strongest adsorption [62] . The preferential adsorption of AAs to (100) faces could explain why the HA crystals are elongated in the c-direction, as observed in bone.
Corno et al. [63] investigated in more detail the interaction of differently charged AAs, Gly, Glu and Lys, with HA surfaces, again using DFT calculations. They showed that Gly interacted with the (001) surface in its zwitterionic state, with the carboxylate group interacting electrostatically with the calcium ions and the amino group forming hydrogen bond with the oxygen atoms. However, Gly had a higher affinity for the (010) HA surface, where it was adsorbed as an anion as a result of spontaneous proton transfer towards the surface. Lys interacted very similarly with both the (001) and the (010) surfaces: the amino group of its side chain bound to the closest calcium ions. However, based on a MD simulation study by Lou et al. [66] , multiple interactions would be involved between Lys and HA (100) surface. The adsorption mainly includes Ca -O ionic bonding, followed by phosphate-O and Lys -HA van der Waals or hydrogen interactions. The behaviour of Glu was more dependent on the surface: on the (001) surface, the carboxylate group of the side chain interacted with the closest calcium ions and formed H-bond with the surface P ¼ O groups. On the (010) surface, however, the carboxylate groups of Glu could only form a relatively weak H-bond with the P -O moieties present on the (010) surface. In summary, the affinity of the studied AAs for the (001) surface followed the trend Gly , Lys , Glu, and for (010) surface, Gly , Glu , Lys.
Addison et al. used RosettaSurface Monte Carlo-based simulations to simulate the adsorption of the VTKHLNQISQSY peptide to HA; the affinity of this peptide to apatite-based materials was previously discovered by phage display [67] . They showed that the peptide/apatite adsorption was primarily determined by the composition and net charge of the AAs rather than their order in the peptide sequence. In fact, the phosphorylated Ser residues were mainly responsible for the adsorption of the peptide to HA.
Overall, consistent with experimental data, computational techniques showed that charged AAs, such as Glu and phosphorylated Ser, have the highest affinity for HA surfaces.
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Effect of amino acids on mineralization in vivo
A crucial question that arises after reviewing the in vitro evidence related to the effect of AAs on HA mineralization is, are these results relevant to what actually happens in the human body? Charged AAs are highly expressed in NCPs and in the hole zones of collagen fibrils, and in this sense, studies involving single AAs can be considered simple models of the action of these proteins; but are single AAs per se at all involved in bone mineralization, in vivo?
The average concentration of AAs in human blood at fasting ranges between 6.3 and 7.4 mg m 23 [68] . However, body fluids passing though different organs contain various amounts of AAs depending on the activity of such organs. For example, Ishikawa et al. [69] reported that the overall concentrations of AAs in chicken cartilage (18.3 -55.3 mM) and muscle (44.3 -114.7 mM) were generally higher than in serum (21.4 mM) and blood plasma (6.3 mM). More specifically, they showed that the concentrations of charged AAs, such as Arg, Asp and Glu, which are strongly involved in mineralization, were 0.44, 3.76 and 15.37 mM in chicken hypertophic cartilage extracellular fluid (ECF), whereas it was 0.37, 0.06 and 0.16 mM, respectively, in blood plasma [69] . They also revealed that increasing the concentration of eight AAs (Asp, Glu, Ser, Gly, Ala, Pro, taurine (Tau), and asparagine (Asn)) in the culture medium to the level present in the native cartilage ECF remarkably stimulated the formation of alkaline phosphatase (AP) and AP-rich matrix vesicles (MV) by chondrocytes [70] . Among these AAs, Pro and Gly showed the weakest effect on AP production while the combination of only two of the AAs, Ala and Glu, produced stimulatory effect on MV formation comparable to that seen in the presence of the eight AAs. Glu can form a-ketoglutarate, a tricarboxylic acid cycle intermediate product of the mitochondrial enzyme glutamate dehydrogenase, and Ala can be directly transminated to pyruvate, another important mitochondrial metabolite. Therefore, the effect of Ala and Glu on MV formation can be explained by the formation of mitochondrial metabolites that can interact with calcium ions, accumulate them and finally release them. This is believed to be the key step in both MV formation and initiation of mineralization [71] . In summary, this study revealed that the level of specific AAs in the cartilage ECF is not only critical for the growth of the chondrocytes, but also it is important for the formation of MV [70] . However, the local environment of cells in vivo varies significantly from cell to cell; therefore, this finding cannot be generalized to all cell types, and further studies are required to determine the composition of media in which the response of various cell types can be achieved [70] . AA intake can also increase bone mineral density (BMD) by increasing insulin-like growth factor 1 (IGF-1), which is involved in osteoblastic activity and the synthesis of collagen and muscle proteins [72] . Six AAs, namely Glu, Arg, Ala, Pro, Lys and leucine (Leu), were shown to especially stimulate growth hormone and insulin secretion, thus increasing BMD [72] [73] [74] . In another study, AA supplements including Arg, Leu, Lys, Phe, isoleucine (Ile), valine (Val), methionine (Met), threonine (Thr), histidine (His) and tryptophan (Trp) increased bone strength through modifications of BMD, trabecular bone structure and cortical bone thickness possibly by the same IGF-1-mediated process [75] . Hauschka et al.
[76] suggested a key role for g-carboxyglutamic acid in interacting with calcium ions and regulating Ca-containing mineral precipitation in the body.
While most results seem to imply that AAs increase BMD, a few researchers proposed that dietary AAs are a source of metabolic acid that can lower the pH of urine and increase urinary calcium removal, which could potentially decrease BMD [72] . The relation between protein intake and bone health also depends on the protein source, animal versus vegetable. Proteins from animal sources are richer in acidic AAs and could thus be more responsible for calcium excretion and osteoporosis [72] . In addition, foods or supplements with sulfur-containing AAs can increase endogenous sulfuric acid production, and therefore calcium excretion [77] . In general, it is suggested that increase in BMD is associated with the intake of non-sulfur-containing essential AAs [78] .
Conclusion and perspective
Polar and charged AAs are the main components of NCPs, and are heavily involved in HA mineralization in the body. However, the details of the interactions between AAs and HA crystal or the precursor ions are still the subject of debate. Overall, in vitro studies agree that the role of AAs in controlling HA precipitation is affected by their mobility: while AAs dissolved in solutions similar to body fluids are able to inhibit HA precipitation and growth by chelating Ca 2þ and PO 4 32 ions or binding to nuclei of calcium phosphate and preventing their further growth, AAs bound to surfaces promote HA precipitation by attracting Ca 2þ and PO 4 32 ions and increasing the local supersaturation.
Most of the in vitro studies highlighted a crucial role in controlling HA nucleation and growth for negatively charged AAs, such as Glu, Asp and PSer; this is in agreement with the fact that such AAs are highly expressed in NCPs involved in bone mineralization regulation. The dominant role of negatively charged AAs was also highlighted by in silico studies, where Glu and PSer showed the highest affinity for HA surfaces among the charged AAs. However, recent reports showed the importance of positively charged AAs on HA intrafibrillar nucleation within collagen [4, 5] ; and in agreement with this, both our group and a few others showed a strong inhibitory and promoting effect on in vitro HA nucleation and growth for positively charged AAs such as Arg and Lys.
Interestingly, these results are somewhat similar to that found in relation to another biomineral, calcite. Similar to HA, calcite crystal surfaces have high affinity for AAs and larger biomolecules, especially negatively charged ones [79, 80] . Most studies indicate that the peptides or proteins bind to calcite through the interaction between negatively charged AA residues and calcium ions present on calcite surfaces [79 -81] . However, a recent study highlighted the important role of positively charged sequences on calcite/ peptide interactions: Masica et al. [82] showed that calcite interacted more strongly with the positively charged AA sequence of a chemically synthesized peptide than the negatively charged sequences.
To further elucidate the role of AAs in HA precipitation, the interactions between Ca 2þ or PO 4 32 ions and AAs should be better understood. A few studies have attempted to investigate the interaction between AAs and ions dissolved in solution [83] [84] [85] [86] ; however, none of these studies focus on AAs bound to surfaces, which could mimic the most realistic rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160462 situation of AAs found on collagen, for example. ITC could be used for this purpose, because it allows quantifying energies of interactions between molecules in solution or between solutions and solids. This technique was used in the past to investigate the heat of adsorption of statherins on HA surfaces [87] , but no one so far has used it to analyse the interactions between ions and AAs, either in solution or bound to surfaces. Comparing the energies involved in these interactions would allow exploring differences in interactions between immobilized and free AAs, as well as the influence of surface AA concentration, disposition and arrangement on their interaction with ions. In general, surfaces with controlled AA density and organization could be used as models to understand the role of different domains of larger biomolecules such as NCPs in regulating HA precipitation.
Most of the studies on HA/AA interactions performed so far were still far from in vivo conditions, where many other agents, such as collagen, mineralization inhibitors and cells are involved in HA precipitation. The lack of such a complex apparatus could explain why in vitro dissolved AAs inhibit HA precipitation, whereas in vivo soluble AA intake promotes collagen formation and overall seems to increase BMD. In addition, the interaction of mineralization inhibitors present in vivo with the AAs is likely to be complex and worth being studied. Experiments performed in the presence of AAs in conditions closer to the physiological ones should thus be the subject of future work.
A deeper understanding of the role of AAs on HA mineralization will not only help increase our fundamental knowledge related to bone formation; it could also lead to new therapies to cure mineralization-related disorders. For example, Asp, Glu and Phe were shown to reduce calcification of porcine and human valves up to 32% and 28%, respectively [17] , and Glu seems to be able to inhibit chondral calcification [16] . Smaller molecules with functionalities similar to AAs are also able to inhibit tissue calcification: phosphocitrate and N-sulfo-2-amino tricarballylate administered either by daily injection or local delivery could inhibit calcification of bovine pericardium [88] .
Finally, understanding the effect of single AAs could lead to rationally designed oligopeptides to tune mineralization. This approach is likely to control mineralization more effectively, because the multivalency introduced by joining differently charged AAs can provide several sites at which attachment to calcium and phosphate ions can occur cooperatively. Peptides rationally designed to bind to HA crystals could then be linked to drugs and allow for their specific targeting to bone mineral; for example, ENB-0400, the only drug effective against hypophosphatasia, a rare genetic disease that leads to soft bones and 50% mortality of affected patients, is based on tissue non-specific AP enzyme fused to a patented bone-targeting peptide [89] . A similar strategy could be used to promote HA mineralization in other instances where bone or teeth need to be regenerated, or vice versa, to target diseases caused by pathological mineralization of HA in tissues such as cartilage, ligaments, blood vessels or cardiac valves.
